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- 4) This paper describes the varying structure of the tropical cyclone
pﬁﬁ' wind profile in terms of its core intensity, outer strength, and size
QJ§ where core intensity is defined by the tropical cyclone’s minimum

) central sea-level pressure, outer strength is an average tangential wind
ﬁqﬂ speed from 60 to 150 n mi (111-278 km), and size measures the radial

- extent of 30-kt and 50-kt surface winds. Analysis was performed on 700

mb aircraft data from over 500 reconnaissance missions into 66 tropical

;fs cyclones of the n.<3g_t.lmtesi’.enn_.P.ac.i.f.‘l.c:.3 All these cyclones were of

s typhoon intensity (vmax >2 65 knots) sometime during their lifecycle.

3ﬂ§ This data set is uniquely suited to fill the dual needs of: 1)

*%ﬁf providing inner wind profile information out to 4? radius, thus allowing

e the cyclone’s strength to be measured, and 2) beiﬁf able to sample the

Lr entire life cycle of the tropical cyclone from depression through

wa supertyphoon stages. The focus of this study is on the outer strength

H region. /— ¥

3.‘;;:0 ~ /2/

1$$' The reasons for the focus on cyclone outer strength are twofold.

X First, in order to meet very immediate operational needs, the forecaster
must be able to predict the low-level wind profile and where it crosses

Wal gale and hurricane force wind speeds, no matter what the core intensity

: s of the tropical cyclone. Second, the theoretician must understand the

: surrounding wind flow in order to better model storm surge, total

"
4
&

a} rainfall, and the effects on core intensification that inertial
th i stability plays. A depiction of outer strength is essential.

}?W Cyclone strength is compared to the adjoining regions of the wind

f{¢ profile of intensity and the 30-kt domain. Results show that outer

wﬁﬁ' strength and core intensity vary greatly with each other while outer

lﬂﬁq strength and the 30-kt wind domain appear closely correlated. However,

*5}5 if information is available on the size of the eye, much of the variance
between core intensity and outer strength can be reduced. Outer

.;'g strength is also stratified by latitude, season, time of day, and

b 3 cyclone motion. Finally, typical tangential wind profiles are provided

: $g for core intensities ranging from the tropical storm to the

iﬂb supertyphoon.
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FOREWORD
by William M. Gray

Regular reconnaissance flights into typhoons and tropical cyclones
in the western Pacific have been conducted by the United States military
since the end of World War II. So far this flight information has been
used almost excusively in an operational sense to track the centers of
these storms and to measure how intense they are. Almost no research
has been accomplished on this most extensive, unique, and valuable
flight information. A large gap exists in our measurement of the
tropical cyclone from 1° radius (where Atlantic research flights have
typically terminated) to 2-3° radius (where composites of rawinsondes
become dense and more reliable).

The measurement capability of the military reconnaissance aircraft

into tropical storms has improved over the years. This was particularly

the case after the development and installation of Doppler wind
navigation equipment on western Pacific military aircraft in the late
1960’s. Also, beginning in the middle 1970's, systematic flight
patterns were instituted in which four radial legs were flown in and out
of the tropical cyclone in equally spaced azimuthal segments to 150 n mi
(~278 km) with two of these flight legs extending out to 250 n mi (~463
km). These systematic flight tracks are made nearly every tweleve hours
on nearly every tropical cyclone in the west Pacific. This operational
reconnaissance flight data offers much potential for increased knowledge

about tropical cyclones because of the twice-a-day time continuity of

iii
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flight data on most cyclones from genesis stage to extratropical

transition and the large areal coverage of each flight mission. It is
likely that much new knowledge about the tropical cyclone will be
forthcoming from a careful examination of this flight data.

It is surprising that so little research has so far been
accomplished on this flight data. The potentials and hindrances in
performing research on this flight data were summarized by myself - Gray

(1978) - in a report to the World Meteorological Organization (WMO).

No greater loss of opportunity for tropical cyclone
research and general knowledge gain is more evident than
that of the US military and civilian meteorological
community in its failure to exploit its unique tropical
cyclone research opportunities on Guam. Extensive
typhoon aircraft reconnaissance has been going on since
the end of World War II at the cost of tens’ of millions
of dollars per year. The knowledge gained from these
flights has been ever so much less than it could have
been because almost no follow-up research on this data
has been accomplished. Long-term military

duty assigmments on Guam have not been permitted. The
US military system of 2-year rotation back to state-
side duty assignments not related to typhoons and the
required military concentration on the operational
mission alone has not been advantageous for research
being accomplished by the military itself.

One of the many problems with using this reconnaissance data for
research has been the difficulty that nonmmilitary personnel have in
performing adequate data reduction from a data set that is not set up
for research; e.g., data is not provided in storm relative coordinates,
and changes to the code occur nearly twice a year. It has been
difficult to keep up with all of these changes in codes and flight
missions and the other problems encountered in sampling these storms.

It is important that this data be worked on by researchers who has spent

time making these reconnaissance flights. Unfortunately the Guam

iv
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reconnaissance officers rarely follow up their unique operational
experiences with research on the flight data they have taken. The
research reported in this paper tries to break this practice. The
author was a weather reconnaissance officer with the 54th Weather
Reconnaissance Squadron out of Andersen Air Force Base, Guam, for the
years 1980 through 1982. She has flown into approximately 35 different
tropical cyclones and made approximately 90 individual flights during
this 3-year period. She left Guam in late 1982 and then started an
immediate study and data reduction of this flight data. This involved a
trip to the National Climatic Center in Asheville, NC, to xerox all this
flight data.

This paper is a result of the curiosity generated by the author
during her typhoon flight missions from Guam during these years and the
tropical cyclone research enviromment with which she has been associated

at Colorado State University.

R A Ra st ARALY “./'}\"'"?" o VARG N E AR '.’- LAl

'-”'\» ‘\'
ol A () ~ }
" Ay A AHA LA R L AAK TR A,

S 'ﬂ}'v“ -

~ a_,‘ ™ ,,n WIS \v

.‘4“1 4 .C'H‘t '9 v-v’l ‘ts l'"r"h‘la"!“h,u"" A, "a‘“#’h".‘

N

%




nd s a

e~

g

TABLE OF CONTENTS

3

‘ 1 L] INTRODUM‘ION L] - L] L] L] L ] L] L] . L) . L] . * . . » . . o L] * L] [ ] o L]

Ei 1.1 Backyoundl L] L ] * . * L] . L ] L[] L] . L] L] L] * L] - [ 3 L] L[] . * L] L]

N

‘:! 20 m DATA SET L] L 2 * L ] L ] L] . - L] L] . 2 L] L] L[] . L ] . . - [ ] L] . L ] L] L

i* 2-1 The Typical Flight Patterno s e & ® & 8 6 © 6 & & ° & e o

P 2.2 Compiling the Dat8. « « « « « o o o « o ¢ o o o o o o « o &

& 2.3 Data Navigation . . ¢ « ¢ ¢ ¢ ¢ o ¢ o o o o ¢ o s o ¢ o o o

ﬂ 2.4 Constructing the Wind P!‘Ofile e ® & 85 8 & & ¢ & e e o ) .

[ 2.5 Wind Profile Measurements . . . « « ¢ + o o ¢ ¢ o o o « o o
2.6 Surface Wind Estimates. . « « ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ o ¢ ¢ s o o o

p 2.7 Various Intensity Parameters. . . . . « « ¢ ¢ ¢ ¢ o ¢ o« o o

4

¥

;'.: 3. GENERAL STATISTICS ON THE VARIABILITY OF CORE INTENSITY, OUTER

::‘ STRmep R—30 and R-so e @ & 4 o 8 & ® 8 8 ° & o ° 6 & & o

Wt

' 3.1 Intensity; stl‘ength, R_so 8nd R"so. s & e © o 8 6 ° s e o »

T 3.2 Stratification by Latitude. . . « + ¢« ¢« ¢« ¢ ¢ o ¢ ¢« o « « &

‘, 3.3 Stratification by Month . ¢« ¢ ¢ ¢ ¢ ¢ ¢ o ¢ s ¢ s ¢ o o o o

4 3.4 Diurnal Differences . . « « « « « « o o ¢« s o o s s o o & o

l‘k 3.5 cydone mtion Effects. . . L) L] L[] L] [ ] . L L] L] . L) . L] L] * .

K 3.6 Temporal Changes Along the Wind Profile . . . . « « « . . .

;,'; 4. RELATIONSHIPS BETWEEN CHANGES OF CORE INTENSITY, OUTER STRENGTH

y’.’ AND R_so. L L ] L[] L ] L] L] * 1 ] . L] 1 ] . L . L] L] * L L] L] L] . . L] L[] .

K {

:::' ‘ul Inten81ty VS. st!'ength and 3129 . . . Y . . 3 . . . . . . .

::" 4 02 Strerlgth vs. size L] L) - L[] * . L] * L] . . L] L] L) . L] L] L ] . * *
4.3 size 1n NAT . L ] L] L] . . . L] . . L ] L] L] L] L) L] L L[] L] * L ] L] - L]

5’ S. THE ASSOCIATION OF THE SIZE OF THE EYE WITH THE WIND PROFILE . .

e

%‘ 501 The Eye classes . L] L] L] L] L[] . L] * . * L] L] L] L L] . L) * L] * L)

;t! $.2 Average Wind Profiles . . . ¢« « ¢ ¢ « o ¢ ¢ o o o o ¢ o o &

;" 6' co“alUsION L] L] L 2 L ] L] . L] - L] L] L4 L] L] [ ] [ ] L[] L ] - L] . ® L ] L] L ] L] L] .

e

"' 7. FUTURE RBEARCH L ] L ] . L] L] L] L[] L] - - L] L] . L] L) * e L] L] * L ] L] L] *

v"' ¥ AcmmLBmEmNTs L] L] L] L] L] L] L] . L) L) [ ] L] L] L] . . L] L] L L] L] L] L] L] . L]

:..'. REFERmcEs L] -* L] L] L] L] L] L] L] [ ] L] L] . [ L] L ] L[] L] L] L L] L] L] L] L] . L ] L2 L[]

.

o)

.l§.| Vi

N - - P T T

‘.. ‘# n_ T Y -5 LR - *\ u_-\ \a:_ _._ \_-, a 4'.“(." *."‘ “'.;{_:_ < \:;\ .\/

e '. e, 1".':‘.

ARG AR ')\

18
18
21
23
27

27
32

40
40
44
46
50

51
56

68
71
72

73




- -
Py

o

T
-
a7 me it

BRI T P

.—‘14

¢

-

|

'-ﬂ‘
l’ l Wil

J’-Fv’
,5 o\~

R 3%

CYCLONE: Tropical cyclone from tropical depression to supertyphoon

intensity.

. INTENSITY: Minimum sea-level pressure of the cyclone (SLP
measured in whole millibars (mb). Core intensf%y referred
to simply as "’'intensity’’.

JIWC: Joint Typhoon Warning Center (U.S. Air Force and Navy)
based on Guam.

MOT: Coordinate system relative to the moving tropical cyclone
center (Motion).

NAT: Coordinate system relative to the tropical cyclone center
with the center held fixed (Natural).

R-30: Average radius of the 30-kt surface wind domain (35 kt at
700 mb).

R-50 Average radius of the 50-kt surface wind domain (59 kt at
700 mb).

STRENGTH: Time and area-weighted average tangential wind speed relative
to the moving cyclone using four flight legs within a range
of 60 to 150 n mi taken over a 12-hour period. Outer
strength referred to simply as ''strength’.
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1. INTRODUCTION

The research presented here focused on two major goals: 1) to
explore the extent to which these flight data could be used for research
purposes that could lead to increased insights into the structure of
northwestern Pacific tropical cyclones; and 2) to attempt to
quantitatively measure the variability of structure from genesis to
extratropical transition and from cyclone to cyclone. This research
primarily concentrated on the tropical cyclone’s surrounding wind data
(termed ’'strength’ or outer strength) and how this surrounding wind
circulation and its changes are related to the cyclone'’'s central
pressure. For instance, do cyclones strengthen and intensify
simultaneously? The association of cyclone core intensity with outer
50- and 30-kt wind radii will be presented in this paper, as will the
relationship of the eye’s size to the cyclone’s outer wind profile.
1.1 Background

The complete wind profile of the tropical cyclone from its center
to large radii has generally not been studied. Portions of it have
received great attention, particularly inside 1° and outside 3° latitude
radius. However, the part that lies between the center and the outer
region has gone relatively unstudied - see Fig. 1.1. This region is
here referred to as outer strength. Yet, the importance of outer
strength is to provide added insight into studies of storm surges, heavy
rainfall, the inertial stability of the cyclone vortex, and the

structure of the wind profile. Therefore, this study has attempted to
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Fig. 1.1, Past flight data studies of the trogical cyclone. Research
flights have focused on the inner 1~ of the tropical cyclone

and composites of rawinsondes have treated the region outside

of 2-3° radius. There is a relatively data-void region in

between,

-

fill in the present gap of tropical cyclone knowledge by focusing on
strength, its deviations from the mean, its relationship to intensity
and size and its role under differing seasons, times of day, cyclone
directions and speeds, and latitudes.

The portion of the tropical cyclone most thoroughly studied by
flight data is the section which lies inside a radius of 1°,
accomplished primarily by the Hurricane Research Division, HRD,
(formerly the National Hurricane Research Laboratory) during the past 30

years. In this region, most research has focused on case studies of

various Atlantic hurricanes: Daisy and Helene (Riehl and Malkus, 1961;

Colon, 1961, 1964); Cleo (LaSeur and Hawkins, 1963); Ella, Janice, and

- (e (" b .o K]
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Dora (Sheets, 1967, 1968); Debbie and Hilda (Hawkins, 1968, 1971); and
Allen, David, Anita and Frederick (Jorgensen, 1984). 1In order to obtain
an average view of the inner hurricane wind structure, Shea and Gray
(1973), Gray and Shea (1973), and Gray (1962, 1965, 1967) have performed
many multiple case and composite studies of the Atlantic inner 1° radius
region. Because of the lack of outer radius information these studies
on Atlantic hurricanes could not treat the question of outer wind
strength.

Outside 1° radius, flight data studies have been scarce. Hughes
(1952) averaged the wind profiles from 13 late 1940's large and mature
typhoons to give an average low-level view of the energetics of the
typhoon from the center to 4.5° latitude. However, the state-of-the-art
in wind measuring equipment had yet to reach a stage of reliable
accuracy as Hughes used visual estimates only of the sea state for wind
values which provided a + 15 kt error. Besides Hughes's study.
rawinsondes have added to our knowledge of tropical cyclone structure.
Yet, composites of this source of data cannot, in general, properly
handle the region of cyclone strength due to the scarcity of upper air
reports inside 2-3° from the center (Frank, 1977; Izawa, 1964; Miller,
1958). Still, the compositing technique sometimes has the capability to
gauge the radius of 30 kt surface winds (Frank and Gray, 1980). Merrill
(1984) used synoptic analyses to glean radii of outer closed isobars and
found no significant correlation of this size measure with core
intensity.

With the help of the northwestern Pacific aircraft data, it is
hoped that this void of knowledge between the inner region aircraft

studies and the outer rawinsonde work can be filled. Many questions are
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waiting to be answered. How do the winds in the outer strength region

relate to the maximum winds? How does the entire radial wind profile
from the center to 4° change as the system intensifies or as it fills?
What are the extremes in outer strength which a cyclone can attain? How
might outer strength be related to season, latitude, time of day or
cyclone motion? What are typical wind profiles for all stages of
intensity from tropical storm to supertyphoo: "

In order to address these questions, over 500 flight missions into ¢
66 tropical cyclones of the northwestern Pacific were analyzed from the
cyclone center to 250 n mi, thereby sensing the system from the center
through the strength region out to the extent of 30 kt. All these 66
tropical cyclones were of typhoon intensity (Vmax ) 65 knots) sometime
during their lifetime. Chapter 2 explains the handling of this data
from its raw form to a mean wind profile representative of each flight
mission. Chapter 3 provides a climatological picture of the wind
profile by month, latitude, cyclone motion and time of day. Chapter 4
deals with the interaction between the intensity of the cyclone and its
measured strength. Outer strength is further compared with the domain
of 30-kt winds. Chapter 5 incorporates the relationship that an eye has

on the entire wind profile.
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- 2. THE DATA SET

US Air Force WC-130 aircraft were routinely flown into tropical
cyclones in the northwestern Pacific strictly to meet the operational
needs of the Joint Typhoon Warning Center (JIWC) for the period 1980-
1982. These flight missions were usually conducted twice a day into
tropical cyclones during their entire lifetime. This data set was thus
broken down into 12-hour periods of the day to match the typical times
of the flight missions. In this study, all the data were obtained at
the 700 mb pressure level, believed to be representative of the lower
half of the troposphere. Because the typical flight pattern of this
data set extended nearly four times as far out from the cyclone center
as most previous flight data studies, data processing involved
maximizing on this additional data, adjusting it to a cyclone-relative
coordinate system and constructing a representative wind profile for
each flight.

2.1 The Typical Flight Pattern

Each flight began with an inward penetration track from 250 n mi
(463 km) radius from the estimated cyclone center followed by a 4-radial
leg cloverleaf pattern inside the 150 n mi (278 km) radius as depicted
in Fig. 2.1. Observations of wind, height of 700 mb surface,

temperature, and dew point were taken every 30 n mi. This standardized

flight track allowed comparisons of flight data between cyclones or

between different time periods of one cyclone.
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TYPICAL FLIGHT PATTERN
700 mb LEVEL 2-FIX

NAUTICAL MILES 20 | 90 130 2%
DEGREES LATITUOE 1° 2° 3

Fig. 2.1. Typical 700 mb flight pattern - range marks denote required
observation points (stippled area encloses ’'strength’).

Henderson (1978) has extensively discussed the meteorological
measuring equipment on board the WC-130. Of interest in this study were
the radar, navigational equipment and doppler wind equipment.
Measurements of the eye were obtained from 3 cm radar while navigation
relied on the LORAN and Omega equipment. The Doppler wind equipment had
two sources of error:

1. It registered signals relative to the position of the sea
below. A moving sea under the stress of the wind will act to
underestimate the real flight level wind speed by about 5§ to 8
percent (Grocott, 1963).

2. The Doppler signal was occasionally attenuated by heavy rain.
This disrupts the wind measurement.

Both of these effects were most pronounced in the eyewall. The
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attenuating influence did not occur very frequently, but often enough to

cause some doubt on the values of the maximum wind and radius-of-
maximum-wind measurements. On the other hand, minimum sea-level
pressure was measured very reliably. For these reasons, minimum sea-
level pressure was used as the measure of intensity over the maximum
wind measurement.

This data set is comprised of over 500 flight missions on 337 days
into 66 tropical cyclones during the 3-year period of 1980-82. This
period was chosen because these were the years the author flew as a
reconnaissance officer. Being thus familiar with all of the flight
procedures, the reconnaissance codes, their various changes and the
typical sources of measuring and recording errors, compilation of the
data set could be accomplished more thoroughly.

2.2 Compiling the Data

Data compilation involved reorganizing the raw data into one common
data set and carefully sorting for possible recording and instrumental
errors. Knowledge of the code changes was crucial. For example, during
this 3-year period, five formats were used, each with a different code.
It was essential to know which positions were coded to the nearest
degree or nearest nautical mile, how the wind was coded when in 3, 4, or
5 digits and where and how the typical recording errors were made. All
data that included any remark denoting some inconsistency were sorted
out and deleted. Any other suspicious appearing data was also deleted.
2.3 Data Navigation

The average speed of motion of a tropical cyclone for this data set
in the northwestern Pacific was 11 kt. Data navigation relative to a

moving cyclone (MOT) was thus important. In constructing the mean outer
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wind velocities that occured over the 3-4 hour period of the 4-leg
penetrations, it was necessary to position each observation relative to
the center of the cyclone at the time the observation was taken. These
center positions changed with each observation. Therefore, the problem
of navigation involved finding the most accurate source of center fixes
and interpolating these fixes in time so that each observation could be
positioned relative to the center.

In order to obtain the most accurate source of cyclone center
positions from which to interpolate the position of the continuously
moving center, a rectification was made between two sources of center
fixes. The Guam-based Joint Typhoon Warning Center (JTWC) provides 6-
hourly positions of the surface cyclone center every six hours of the
cyclone’s life., These are called the 'Best Track’ positions. These
post—-cyclone ‘Best Track’ positions were derived from an analysis of
aircraft-measured centers, satellite-observed centers, land-based radar
observations, and synoptic reports. Although the ‘Best Track’ file
provides good continuity of positions, its center positions, on the
average, varied from the actual aircraft’'s 700 mb measured centers by 18§
n mi, very likely due to the different levels used, navigational errors
and normal oscillationg in the path of the cyclone (Annual Tropical
Cyclone Reports, 1980-1982; Holland, 1983). Use of the 'Best Track’
alone would have caused discrepancies among the center positions that
the aircraft was measuring, possibly placing the aircraft-observed
maximum winds too near the center or on the wrong side of the center.
This would have seriously affected the interpretation of the inner wind

measurements. It was determined that the best procedure to solve this

problem would be the incorporation of both the ’'Best Track’ and




aircraft-fixed positions in combination, The compromise involved
starting with the ’Best Track’ center fixes to provide good continuity
on the speed and direction of motion of the cyclone center. Akima's
I (1970) five center-point interpolation scheme was used to provide
continuous positions between the six-hourly center fixes provided by
<, JTWC. Akima’s routine best depicted changes in cyclone direction and
h speed, providing gradual, rather than abrupt turns and accelerations,

and handled looping motion quite well., Secondly, when the ’'Best Track’

}‘ (as shown in Fig. 2.2) varied from an aircraft measured center, the

% 'Best Track'’ was shifted so as to pass through the exact point in space
f' and time of the aircraft fix. Thus, critical close-in winds, the outer
i% radius beginning and endpoint winds, and all data in between could be
§§ - appropriately navigated relative to the moving cyclone center as

he

determined by the Akima scheme. The ’Best Track’ and flight center

k2 fixes were mutually adjusted in this way so that no interior wind would
§
s disagree with the common center position.

THE MOVING CENTER

/ 12002
12002

aircroft - Measured Center 7( oircrott center = Best Track Center

I A

i ooz s 1] ] o $14 ]
N ‘ . Noooooz
) Best Trock Centers 0

? (a) (b)

L Fig. 2.2. Center fix adjustment made to navigate data positions. (a)

- 'Best-Track’ centers provide continuous center positions but
) may deviate from aircraft measured center, (b) 'Best-Track’
'j path is shifted over to pass through aircraft measured center
in order to compensate for the discrepancy.
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2.4 Constructing the Wind Profile

Since the spatial resolution of flight observations in these
northwestern Pacific cyclones was much less than that in Atlantic
cyclones, it was necessary to average all the radial leg flights
together to obtain a representative wind profile. All tangential wind
profiles were adjusted to a moving cyclone center (the MOTion coordinate
abbreviated MOT). For example, Fig. 2.3 portrays the tangential wind
profile of Typhoon Bill with respect to the center in both the fixed, or
NATural coordinate (NAT system) - top diagram, and the relative motion
coordinate system (or MOT system) - bottom diagram. Note how the large
scatter of wind speeds in the NAT system has been reduced in the MOT
systen.

A curve-fitting routine was chosen to best depict the wind profiles

in a least-squares manner. The routine used - seen in Fig. 2.3 - was

TYPHOON BILL 1
= 1201 1201
x| NAT 4 SEPT '8 J
g ] Min SLP: 965 mb i MOT
©
£
3
S
$
g
) °
4 - . L
120 240
. Rodius (n.mi)— Radius (n.mi)—

(a) (b)

Fig. 2.3. Depiction of the wind profile of Typhoon Bill in two
coordinate systems a) natural wind speed (NAT), and b)
relative wind speed (MOT) showing the reduced scatter of wind
speeds when relative to the moving cyclone center.
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3:3: called MONDER by its originators Fritsch, Carlson and Butland (1980).

~’r'! . This smoothing scheme calculated radial averages at 30 n mi intervals,

:§ matching the observational frequency. No curve was drawn through a

: ) section containing fewer than two points of data. Furthermore, the

:Q MONDER curve routine computes 40 radial slopes and radial derivatives

EE: between these points through a piecewise cubic-spline interpolation.

EEE This provided smooth curves. Because the maximum wind was sometimes not

"?. well sampled, the smoothing scheme was programmed to draw to the maximum

,f%: wind during an individual flight mission, not an average of maxima for

%:' each leg. As previously discussed, the maximum winds along many of the

;:' flight legs were not properly sensed and was therefore often an

( underestimate.

' 2.5 Wind Profile Measurements

W . A new idea coming out of this and other studies of the CSU research

;Eé team in the last few years is the concept of distinguishing between

;E tropical cyclone ’'intensity’, which is a measure of a tropical cyclone’s

w central pressure (or maximum sustained low level wind), and that of

;-“ tropical cyclone ’‘strength’, which is a measure of the surrounding wind

1' flow (Holland and Merrill, 1984). Figure 2.4 depicts this concept along

b with various measures of size. Cyclone intensity and strength were

;;’- measured as follows:

‘ a) CYCLONE INTENSITY - the central pressure or height of standard

" surface of the cyclone as measured at the surface or at the
700 mb level, respectively.

;v Intensity is normally thought of as the maximum wind of the

}i: cyclone. However, as previously discussed, wind intensity was not

g—." . always a consistent measure so the central height at the flight level of

E:‘E 700 mb or the SLP . was used. While SLP,,, was used operationally as
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f Fig. 2.4. Intensity, strength, and size (R-30 and R-50) as distinct
- features along Supertyphoon Elsie’s wind profile.
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the intensity measurement, due of the cost of the individual dropsondes
it was less frequently measured than the minimum height of the 700 mb
flight level. But as Fig. 2.5 shows, 700 mb height is a very good
measure of the minimum sea-level pressure. The two parameters correlate
at .997. This not only shows a powerful relationship of pressure

changes at different levels in the center, but also that the two }

independent measurements were both very accurate. Thus, both the
mninimum 700 mb height, as converted to SLP nin: and the measured minimum
sea-level pressure were used in this study to estimate the intensity of
the cyclone.

b) CYCLONE STRENGTH - an area—weighted average tangential

wind speed from 60 n mi (111 km) to 150 n mi (278 km)
in a cyclone relative motion coordinate system. Each
flight mission normally produced one measurement of
cyclone strength over a 12-hour period.

Cyclone strength measurements allowed comparisons of wind speeds
away from, but adjoining, the maximum wind region of the cyclone.
Figure 2.6 depicts examples of two radial wind profiles whose strengths
are equivalent (28 kt) but whose intensities are quite different (SLPmin
of 895 mb vs. 971 mb).

2.6 Surface Wind Estimates
Although wind data were not measured at the surface, 700 mb level

winds could be used to approximate surface wind speeds. Vertical wind

profile studies of winds between buoy-obtained surface winds and flight

level winds by Powell (1982), flight level studies by Shea and Gray
(1973) and Jorgensen (1984) and rawinsonde studies by Frank (1977) and
Frank and Gray (1980) indicate that surface wind speeds are

- approximately 85% of the 700 mb level winds. Applying this estimate,
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Fig. 2.6. Two examples of wind profiles whose strength values are the

same for both Supertyphoon Wynne and minimal Typhoon June.
measurements of the size of 30-kt and 50-kt surface winds were obtained
using 35-kt and 59-kt flight level winds, respectively.

a) BR-30 - the average radius from the cycloné center to the 30—kt
suface wind speed.

Knowledge of R-30 is an operational requirement for the JTIWC
warnings. The radius of 30-kt surface winds could vary from near the
center for weak systems to beyond the 250 n mi range of this flight data
set. This meant that a four quadrant average for R-30 was obtained if
R-30 lay inside 150 n mi and a two quadrant average was used for R-30
from 150 to 250 n mi as matched the typical flight pattern (refer to
Fig. 2.1). R-30 was unavailable when:

1) the entire wind profile was greater than 30 kt (Fig. 2.7)

(implying that the size is larger than the 250 n mi boundary
of the flight data),

2) the cyclone was a tropical depression that never attained 30 kt
(Fig. 2.8), or
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: SUPERTYPHOON ELSIE
20] 29 Sept '8l

60+
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o
1

Tangential Wind Speed (kt)

Meosured Min SLP: 902md

Measured Mox Wind: 123 &t

Best Tock Mox Wind: 135 kt
1 i | A ] L 1

€0 120 180 240
Radius (n.mi)—

'}

Fig. 2.7. Supertyphoon Elsie’s profile is too large to measure R-30

inside the flight track region. (N = north, E = east, S =
south, W = west.)

] TROPICAL STORM FAYE
< 1201 30 Aug ‘82
puef 1 Time Period : 1200-23592
J Measured Min SLP: 996mb (21482)
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€ .
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Fig. 2.8. Dissipating Tropical Storm Faye’'s wind profile dropped below
35 kt so that R-30 could not be sensed.
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Fig. 2.9. Typhoon Lex's size of 30 kt surface winds (35 kt at 700 mb)
was not measured during this mission.
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3) where R-30 lay inside 250 n mi but was not sensed (Fig. 2.9).

b) R-50 - the average radius to which the 50-kt surface wind speeds

extended from the cyclone center.

The areal extent of 50-kt surface wind speeds (59 kt at 700 mb) was
used to determine the radial extent of the beginning of damaging wind
speeds and was also a requirement for the JIWC warnings. This radius
was almost always found inside 150 n mi and was thus, most often, a four
quadrant average.

2.7 Various Intensity Parameters

The label for the curves shown in this report that depicts a wind
profile includes three reference points for cyclone intensity: measured
minimum sea—-level pressure, flight level measured maximum winds, and
'Best Track’ maximum winds. The intent was to provide a common point of
reference for readers who relate to different intensity measurements.
The measured SLP , was the most reliable measure of intensity and was
included to show consistent changes occurring at the core of the
cyclone. The maximum wind speed was far more difficult to estimate, yet
was vital to the forecasting problem. Two maximum winds were listed:
the maximum wind measured in flight in the MOT coordinate system
(relative to the cyclone'’s motion), and the ’'Best Track’ maximum wind
analyzed in a natural coordinate system (cyclone motion not considered).
The ’'Best Track’ maximum wind was often determined by applying the
minimum sea-level pressure/maximum wind relationship which Atkinson and

Holliday (1977) derived.

.644
Vpax = 6.7 (1010 - SLPpy,) ,

vmax is the maximum surface wind. They compared minimum sea-level

pressure to the peak gusts observed at coastal land stations during
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eyewall passage and reduced the speed to a one-minute average.
Therefore, these three measures (minimum sea level pressure, maximum
observed speed and ’'Best Track’ wind speed) will differ for each cyclone
but are to be referred to in order to gauge the cyclone’s intensity.
For the pu pose of this study SLP , was used exclusively as the
intensity parameter.

The next chapter discusses the general statistics of this flight

information.
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3. GENERAL STATISTICS ON THE VARIABILITY OF INTENSITY,
STRENGTH, R-30 AND R-50

In order to better understand the tropical cyclone wind profile and
its variations, it is helpful first to perform a statistical analysis of
each portion of the radial profile in order to answer the following
questions. How are cyclone intensity, strength and size (R-30 and R-50)
related to each other? How are these structural characteristics related
to latitude, season, time of day and cyclone motion? Finally, how
rapidly can a tropical cyclone intensify, change its strength or expand
its radius of 50-kt winds?
3.1 Intensity, Strength, R-30 and R-50

One of the advantages of this data set of over 500 flight missions
was that a full range of cyclone intensities, strengths, and sizes were
sampled in the northwestern Pacific from 1980-1982. No attempts were
made to sample one intensity class over another, so the data provided a
reliable basis for infering averages and extremes. As Fig. 3.1 shows,
the average intensity of all cases treated was 971 mb (68 kt). This
figure plots central pressure against the measured 700 mb maximum wind
showing a correlation of .88. However, since there was a higher degree
of reliability in the central pressure measure, this paper will follow
the convention established by Atkinson and Holliday (1977) of using

measured minimum sea level pressure as a measure of cyclone intensity,

categorized as follows:
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TROPICAL DEPRESSION > 997 md
- TROPICAL STORM 997 - 977 md
TYPHOON 976 mb - 909 mb
SUPERTYPHOON £ 910 md

Strength (Fig. 3.2) ranged from 3 kt to 70 kt, averaging 37 kt overall.
The distribution of R-30 and R-50 averaged 102 n mi (Fig. 3.3) and 62 n

mi (Fig. 3.4), respectively.
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Fig. 3.1. Intensity vs. measured maximum tangential wind speed (MOT
SYSTEM - relative to the cyclone center). The mean value,
given by the circled x is 971 mb (68 kt).
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Fig. 3.2. Histogram of strength for the 1980-82 period (12-hour
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Fig. 3.3. Histogram of R-30 for each 12-hr interval (extent of 30-kt
surface winds in n mi and not measured beyond 250 n mi).
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Histogram of R-50 for each 12-hr interval (extent of 50-kt
winds in n mi).

Fig. 3.4.

3.2 Latitude

This data sample included tropical cyclones from genesis to the
extratropical transition, with the latitude of the cyclone center
ranging from 6° to 40°N. The average latitude of the over 500 flight
missions during 1980 to 1982 was 18°N, + 6° standard deviation as seen

in Fig. 3.5. The greatest frequency of flight-measured center positions

fell between 12° to 22°N. Figure 3.6 depicts cyclone intensity by

latitude. The most intense systems occurred near 15° to 20°N. Cyclone
strength (Fig. 3.7), by contrast, appeared to increase with latitude.
This is likely a result of the cyclones’ interaction with larger scale
wind fields to the north. One might have expected that the latitude of
maximum intensity would match the latitude of maximum strength. This

was not the case however.
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Fig. 3.5. Latitudinal distribution of the mean cyclone center position
for the 517 flight misions. Average latitude = 18°N, +6°
standard deviation.
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Fig. 3.6. Intensity distribution by latitude indicates: 1) only very
weak systems are found below 10°; 2) the entire range of
intensities can occur between 10° and 20°; and 3) there
appears to be an upper limit to the intensity above 20°.
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KN
%ﬁ It appeared that the central core responded to different stimuli than
3
N}
% the strength region. Figures 3.8 and 3.9 show that, in the mean, R-30
? and R-50 also increase with latitude.
)
&’: 3.3 Stratification by Month
‘E
L)
N During 1980 to 1982, tropical cyclones occurred from March through
il December. Figure 3.10 portrays cyclone intensity by month, with
ig
23 September and October the months of most intense systems. Figure 3.11
1 shows that the greatest strength values were also found in September and
o October but with less of a difference from month to month throughout the
-IF'
4 summer period. Figures 3.12 and 3.13 reveal roughly similar peaks in
&' i R-30 and R-50 except for the unusually large Typhoon Thad in August.
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Fig. 3.8. Latitude vs. extent of 30-kt surface winds. The curve runs

LATITUDE

through the median latitude by radius.
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Fig. 3.9. Radial extent of $0-kt surface winds vs latitude. The curve

runs through the median latitude by radius.
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Fig. 3.10. Intensity distribution by month. Stippled area indicates

the region from the lowest to the median intensities for
each month.
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Fig. 3.12. Monthly distribution of the radius of 30-kt winds (MOT) for

the 1980-82 period. Stippled area indicates the region of
the smallest half of the cyclones for each month.
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Fig. 3.13. Monthly distribution of R-50 (extent of $0-kt surface winds

in nautical miles). The stippled area indicates the region
of the smallest half of the cyclones by month.
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i 3.4 Diurnal Differences

-“I Flight missions were roughly distributed by daylight and nighttime
:a hours, affording a convenient way to detect diurnal differences.

;é' Average wind profiles shown in Fig. 3.14 were divided into four

i intensity classes. Each intensity class showed no significant

fw difference from day to night along any portion of the radial profile.
;‘ In the northwestern Pacific, 00 to 12Z corresponds roughly to 9 to 21

i Local Time (LT); similarly, 12 to 24Z corresponds to 21 to 09 LT

‘§ (night). No significant differences were found in cyclone intensity,

g strength, or size. Nor was there a preference for changes in intensity
f or strength to occur more rapidly from day to night or night to day.

:: 3.5 Cyclone Motion Effects

% Cyclone track headings of 1980-82 as shown in Fig. 3.15 (a and b)
™ were similar to the long period climatological view (Gray, 1981).

g Although 280° was most frequently the heading (the mode), the mean

g' direction was 320° indicating that the cyclones headed west for a

i significant part of their life cycles before recurving. This was also
i; evident in Fig. 3.16 which depicted cyclone direction of motion by

:: intensity, showing that the bulk of the tropical storms (34 to 63 kt) 4
i headed toward the west—-northwest. Note that all the supertyphoons in |
Ei this sample followed a pattern of track heading from west to northwest.
fi However, for cyclones of largest strength (Fig. 3.17) and largest radius
2 of 30 kt wind (Fig. 3.18) motion can be anywhere from west to northeast
f thereby retaining their large strength values beyond recurvature.

'; Cyclone speed of motion appeared to bear little relation to the

A !

intensity, strength, R-30, or intensity change of the tropical cyclone.
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The diurnal profiles by intensity class. Solid curves
represent data gathered between 00 to 12Z, dashed curves
between 12 to 24Z (nighttime hours 21 to 09 LT). Intensity
classes are as follows: extreme typhoon, below 920 mb;
intermediate typhoon, 920-950 mb; minimal typhoon, 950-976
mb; tropical storm, 977-999 mb.
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Fig. 3.15. Frequency distribution showing cyclone direction of motion
for the 517 missions. a) number of cases at each 10°
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Fig. 3.20. Intensity vs. cyclone speed of motion (correlates at .13).

The range of speeds shown in Fig. 3.19, extended to 43 kt and averaged
11 kt. This average forward speed of motion of 11 kt applied to
cyclones of all classes (Fig. 3.20), all strengths from 3 kt to 70 kt
(Fig. 3.21), and all sizes whether by R-30 (Fig. 3.22) or R-50 (Fig.
3.23). However, there was a noticeable relationship between the 12-hour
change of intensity and cyclone speed. As Fig. 3.24 indicates, the most
rapid deepeners clustered near the mean forward speed of 11 kt.
Similarly, the cyclones moving most rapidly (more than twice the average
speed of motion) exhibited the least change in intensity.
3.6 Temporal Changes Along the Wind Profile

As each flight mission performed the same flight pattern every 12
hours, it was possible to make 12-hour measurements of the changes of
cyclone intensity, strength, and R-50. These are referred to as half-
day increment changes. Figure 3.25 provides a conceptualized view of

the changes in cyclone intensity, strength, and size which can occur.
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Fig. 3.25. Conceptual view of changes in the wind profile.

Of the 66 cyclones treated here, the average change in intensity was 7
mb per 12 hours (Fig. 3.26) whether the cyclone was filling or
intensifying. It appeared that the maximum filling rates were 20 mb/12
hours, while maximum deepening rates approached 60 mb/12 hours., The
most rapid deepener was Supertyphoon Wynne with a drop of 59 mb in 12
hours (79 mb in 20 hours). Wynne accomplished this intensity change
while showing no change in strength.

Strength changes averaged § kt in 12 hours as seen in Fig. 3.27.
Figure 3.28 depicts the most dramatic change in strength when
Supertyphoon Kim gained 15 knots of wind strength while its central
intensity rapidly increased.

Size changes could be equally dramatic. Figure 3.29 shows a growth
in the 50 kt wind radius of 102 n mi/12 hours for the case of Typhoon
Owen at the same time that the center was filling from 939 mb to 950 mb.

R-50 changes occurred most frequently between + 22 n mi per 12 hours as
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Supertyphoon Kim strengthened 15 kt in a 12-hour period.
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Typhoon Owen changes R-50 rapidly in 12 hours as the radius
of maximum wind moves out.

N ORI C AT IS S A
AN o A N

~. .'. .' ' \ \ e l\ n
‘u\ -_‘ N ) /‘.’ v w\ ) ‘:‘:‘.‘}&“:.‘ \»! ,ﬁ_.o..

-f u{\ff."'."\_f ARV G RTN Tatat e

oy
rocsele '.“ W
\:' W wy ‘s AN ! ‘ 5}"}5}_

T (R
1, e



2

5

\ 38

% shown in Fig. 3.30, Statistics on the changes in R-30 were not

b

) considered to bg very representative due to the number of cyclones whose
4

b 30-kt wind extended beyond 250 n mi (limit of the flight mission), thus
; biasing the data sample toward smaller cyclones. Figure 3.31 portrays
- the rapidity with which all of the wind structural features could

)

)

@ decrease when envirommental weakening influences were especially strong.
¢

i

3 Over a 24-hour period, Typhoon Kit filled by 22 mb, lowered its strength
A

by 12 kt and contracted in R-30 by 50 n mi as a mid-latitude trough

3

i approached from the northwest in December.

!'&

itl

é These statistics provide a depiction not only of how intense,

S‘G

i strong and large a tropical cyclone could become, but also how quickly
£

:f these changes occurred. The effects of latitude, month, time of day and
Lt

kY

gb cyclone motion appeared to be subtle on the cyclone’s intensity,

i

strength and size. Yet, intensity, strength, and size of a cyclone can

r":

2‘ interact with each other. Therefore, we turn our attention next to the
‘ 1

0
.Q‘ relationships between intensity, strength, R-30 and R-50.

ki

&

s

G

'l'!

"

o ool  Controction s Exponsion

. M
i § 15}

t s |

' S |0} H 1]

o _2 s H N

5

; : atl{HEHH i
:::~ z aea! n' []-l'ﬂ \J T 5 'nd{] &
o -I00 75 -50 25 O 25 S50 75 100
l.‘

0 R-50 Changes (n.mi./ I2hours)

ra!

< Fig. 3.30. Histogram of the change in the size of 50 kt winds (R-50)
‘§ over a 12-hr period.

)

Ig®

N
w~

T Ny
) \ v P S O A N i iy ~ » ¥ oy N o



39

o ' TYPHOON KIT

(1) 978 mb
/

-— /(3) 1000mb T

--—-—~~ ‘e,

N n e, C | £ee ]

so 120 180 240
Radius (n.mi)—

Tangential Wind Speed (kt)

2,

e
00

.. 4

”:
»

3

Fig. 3.31. Typhoon Kit (1981) rapidly weakened as a mid-latitude trough
approaches from the MW. (1 - (solid curved) 19 Dec 0000

b, 12002; 2 - (dotted curve) 19 Dec 1200-2400Z; 3 - (dashed

Ay curve) 20 Dec 000-1200Z)
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4. RELATIONSHIPS BETWEEN CHANGES OF INTENSITY AND STRENGTH,
R-30 AND R-50

Understanding the interaction of one portion of the wind profile
with the others is vital to forecasters and researchers alike. For
instance, given the central pressure of a cyclone, can we predict the
accompanying strength and extent of gale force winds? Similarly, if the
central pressure drops, does the strength increase accordingly? Does
the entire wind profile build up or do only sections of it increase at a
time?
4.1 Intensity vs. Strength and Size

In comparing a cyclone’s intensity with its strength, Fig. 4.1
illustrates a great amount of variability. Although the least amount of
scatter existed in the tropical storm stage, suggesting some forecasting
skill, once a cyclone attained typhoon intensity or forms an eye, the
ability to relate cyclone intensity and strength was nearly lost. For
example, typhoons with central pressures of near 960 mb exhibited
strengths ranging anywhere from 20 kt to 60 kt (a three-fold
difference). The most intense cyclone was Supertyphoon Wynne (central
pressure of 890 mb) with an average strength of only 35 kt. By
contrast, Typhoon Vernon had a central pressure of 940 mb but had a much
greater strength of 70 kt. This large variability among intensity and
strength makes for a very difficult forecasting problem,

Each cyclone followed a distinctly different pattern of intensity

and strength ch:i1ges. Figure 4.2 depicts four examples. Typhoon Betty
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increased in intensity while building its strength. After peak
intensity, strength values receded along with its intensity. If all
cyclones followed the example of Typhoon Betty, forecasting the wind
profile would be possible simply knowing the central pressure. However,
this was not the case. Supertyphoon Wynne exhibited a vastly different
path., Once Wynne attained typhoon intensity, central pressure dropped
sharply without a change in strength. However, as Wynne began to fill,
it continued to increase in strength. Finally, for two days Wynne
filled further while holding strength relatively constant. Typhoon
Nelson intensified and later filled without ever exhibiting much of a
change in strength. Lastly, note how Typhoon Kit began its life cycle
with nearly its highest strength and continually weakened thereafer.
Plotting these incremental changes in intensity and strength for all
cyclones shows, in Fig. 4.3, a near zero correlation. However, further
analysis showed that recurvers exhibited a decrease in intensity while
increasing in strength. Therefore, intensity changes could occur
independently of strength changes over a 12-hr period.

Intensity and size, whether for R-30 or R-50, exhibited similar
scatter. Intensity vs. R-30, as depicted in Fig. 4.4, shows very little
relationship correlating at -.60. Intensity and R-50 correlated even
less at —.16 as Fig. 4.5 shows. Figure 4.6 depicts the changes in
intensity against the changes in R-50, with no significant correlation
between them (.05). This tenuous relationship between intensity and
size implies some kind of decoupling action between the inner core of
the cyclone and the region outside. In other words, ehangés in the
inner core at times appeared to occur independently of changes elsewhere

along the wind profile.
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:‘.'t Outside 1° radius, the wind profile did appear to respond to
et
:::, forcings in a coordinated fashion. Figure 4.7 shows a strong
\'a‘.O

. relationship between strength and R-30 (correlation of .9). This

>
" powerful relationship allows strength to be estimated given the average
,. - extent of 30-kt surface winds (35-kt flight level winds). The least-
— squares best fit equation is:

4,
El; Strength = 13.7 + .182 (R-30)

e
3‘ ; or the inverse
s
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-:g R-30 = -75.3 + 5.5 (STRENGTH)
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where R-30 is expressed in n mi, and strength in knots. For example, a
R-30 of 200 n mi gives a strength of 50 kt.
4.3 Size in NAT

Although all calculations presented so far have been made for 4 (or
2 beyond 150 n mi) quadrant averages in cyclone relative motion
coordinates (MOT), the forecaster does not always have this all-quadrant
information readily available in order to convert wind data relative to
the cyclone’s motion. Therefore, the above relationships were examined
in cases where the farthest extent of 30-kt or 50-kt surface winds along
any radial leg in the fixed (NAT) coordinate system were used. Figure
4.8 indicates, as expected, little relationship between intensity and
the maximum 30-kt surface wind extent along any quadrant (correlates at

-.48). Similarly, Fig. 4.9 gives the farthest radius that the 50-kt

}1»" /’ RIS k‘v« o ~"~‘¢"'\* At ‘\"n,‘\"'&"‘\.‘.‘.u,\_‘."(.‘ "",Ji‘- »1\_"‘.\!‘."".".(- . -.\ TN

LA

-------

? " SRR TR BN . R i " AR
NG ‘; ‘ .’,\o\ I .“'2 ﬂ- ‘\ ..‘5.I : ‘.'}.x } ‘-' J\‘. .\ »3‘ ! mﬂ \”'Q!.\Jld K}d




RN S T VI IS WS M N S S TR T UT TR U TURPEUR IS TE PR W T LUW W | Wiy
A
%
s, 47
[N wn
) =
> g °
¥4
*‘ -~ b °
1y ‘E 601 STRENGTH VS. SIZE ® ‘ 60
. c hadB |
5 8 50
ey :
3 3
{ -]
L) [=] ~
. >
. (=]
& °© —
y £
\ °
) [ ]
: 3 %
o —110
& 5
b 2 °
b, l&JO11111111111111111111111 o)
;.; = 0] 20 40 &0 80 100 120 140 160 180 200 220 240
> RADIUS OF 30 kt. SURFACE WINDS (n. mi.)
Fig. 4.7. Strength versus the radius of 30 kt surface wind speeds (35
o kt at 700 mb).
2
4
. 880}
- ° ° o
n - N ® o0
P 900 e o o e 08
> o~ L4 L] °
L0 . ® oo ‘. o o
: Esor e L
> e o o ®e
- <= ° o o o000
' c ° ..o.o ° ®
0 ° s o o
Lo o o
o®
. )
N 980 Y ®
L
\, )
o
: IOOOF'
p L L_ —
- 300 400 500
; 30 kt Extent (NAT) n.mi.
'’
o Fig. 4.8. 1Intensity vs. the farthest reported extent of 30-kt wind
; speeds for any radial leg (not averaged) for the case where
4 motion of the cyclone center has not been subtracted out.
Few data points existed outside of 250 n mi because flights
5 tracks did not routinely extend beyond this.
(]
.G
K
.
¥
L) ;\."u’,‘ Yol :..‘}. :.'r--_-ﬁ'?ﬂ} A N L O O ‘i"‘ ‘.|'|. eI ‘ﬁ\u“}"'\*ﬁ.‘-'-:x T e e P Y R e T T T
gl WA oY "p Sk Yo % v t ‘e ‘
H.‘o.“»l'v l" SRS I Lo %-"‘h“h‘ 'i“h‘n 'A‘t.‘ l“' :‘ AL L L RSN A W £ e




fadia oA A o o .

48
880
= 900~ - o & °* o P’
o g o oo *°°*° -
‘E' 9201 .oo.. o...o.:
z: <:‘.. ® e .oc»o . §
O 990 &, % ,3°,™ E
4 X T ORI % e
tt! ..243'3. s %io :‘EIF"? -
o o &0 o Sovee
Z 960 ° ; i:i:. 0 ’i;:i:o
ozlir ®es e Se —
980 ‘.& ®% %% oo o z
b :
000} ee . —
1 i !

0 50 I60 IéO 200
50 kt EXTENT(NAT) n.mi.

Fig. 4.9. Intensity vs. the farthest reported extent of 50-kt wind
speeds {(not averaged) for any quadrant for the case where the
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surface wind extends in any quadrant vs. intensity correlating at -.34.

While intensity and size did not relate well, strength and size still

did in the Natural (NAT) or fixed coordinate system. Strength and the

farthest extent of 30-kt winds correlated at .67 (shown in Fig. 4.10).

Note that for the handful of flight missions where it was possible to

sample the extent of 30-kt winds beyond 250 n mi, the farthest was found

at 450 n mi. These larger systems could certainly affect quite a large
region. Strength vs. R-50 (NAT) correlated at .79 showing a good

relationship in Fig. 4.11,

Examination of the interaction among the various regions of the
wind profile provided some interesting insights. Intensity appeared to

be, in and of itself, quite a variable feature in the tropical cyclone,
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:? relating poorly to strength, R-30 and R-50. Indeed, intensity changes
)
- over a 12-hr period appeared to occur independently of strength and size
X
;gf changes. Still, strength and R-30 related qujite well. In order to
B!
1 better relate intensity vs. strength one needs to know the cyclone’s eye
A

characteristics. The next chapter discusses this association.
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5. THE ASSOCIATION OF THE EYEWALL WITH THE WIND PROFILE

b,

"‘: So far, in discussing the relationships between various aspects of

’ the wind profile, it is evident that strength related very closely with

3 R-30 but not to intensity. Intensity and strength bear only a weak

‘; relationship with each other, particularly for the most intense

‘:.“ cyclones. One goal of this research was to provide a method with which

{S' to predict the wind profile given information found near the center of

r the cyclone. The data presented so far indicated that this was not

"f possible. However, what happens to these relationships when information

3‘:3. on the size of the cyclone’s eye is provided?

;:‘: For reconnaissance reporting purposes, an eyewall was not reported

E::i unless it subtended, on radar, at least 180 degrees of arc around the

:?S cyclone’'s center. For this study, the radius from the cyclone center to

"

;, the beginning of the eyewall convection was used to determine the size

é" of the eye. The eyewall convection must also be distinct from the

:: spiralling convective bands. The eye, if it exists, was observed as the
‘ aircraft approached the center, which was typically twice each mission.

? All reports of eye radii were averaged for each mission to provide one

S’é typical eye size. Figure 5.1 shows the distribution of the eye size by

y cyclone intensity. From this figure, one can see that it was possible

:' to observe eyes in tropical storms as well as typhoons. In this sample,
:_5; 24% of all measured tropical storms exhibited an eye. Note also that

m both tropical storms and supertyphoons could exhibit a small eye. It

?:
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I: appeared that there was no significant correlation between the size of
} . the eye and cyclone intensity.

5.1 The Eye Classes

a2
&8

In order to relate the eye’s size to the adjoining wind profile the

>

eye was classified by its size. The absolute value of the eye size was

of little use without this classification. Hoecker and Brier (1970)

:‘g noted a + 4 n mi fluctuation in 4 hours for the three hurricanes, Carla
¥ of 1961, Betsy of 1965 and Beulah of 1967, having studied the eye

;: character of each continuously for 24 hours. Therefore, in order to

‘ compensate for this short-period fluctuation, eye sizes were classified
‘_'r into three groups: small, medium, and large. A fourth class was added
:: . for the case of the cyclone with no apparent eye. Table 5.1 defines

' each class. Note that 53% of all cyclones showed no eye on radar.

3 N These were mostly tropical storms, yet many were typhoons as well (29%
i‘ of all typhoons did not exhibit an eye). This phenomenon of a
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2:: TABLE 5.1

o No. of :
§ Eve-class Radius (n mi) Cases %_of Total

Small eye 2-1.5 79 15

th Medium eye 8 -15 122 24

;:i Large eye 15.5 - 60 42 8

KB No eye 274 53

B} 2|0 et et s sttt s - ettt s e r e mr e e - - - - - -
:‘:_ typhoon with no apparent eye was documented by Fett (1968) for the case
{t of Typhoon Ethel which was a typhoon of 80 kt with no eye. The small-
?&? eye class comprised 15% of the data sample with radii less than 8 n mi.
.-l‘. Typhoon Dinah exhibited the smallest radius of 2 n mi. The medium-eye
%E‘:: class incorporated one quarter of the sample, with radii of 8 to 15 n
ja" mi., The average of this medium-eye class was 11 n mi. Finally, the

" large-eye class extended beyond a radius of 15 n mi. Typhoon Thad had .
:’ the largest eye in the sample, 60 n mi - see Fig. 5.2.

:‘: Once separated by eye class, a much better relationship between
,'.' cyclone intensity and strength was obtained. Figure 5.3 shows how an
i%‘ approximate straight line can be drawn for each eye class. Looking at
‘:‘ . Just the cases of the small eye or no eye, Fig. 5.4 shows the difference
; in character along the intensity/strength path much clearer. Cyclones
2
'.,t; with similar central pressures tended to have much greater strength if
HE no eye existed as opposed to a small eye. Similarly, cyclones of equal
P strength tended to be more intense the smaller the eye. The linear
* least squares best fit relationships between cyclone strength (ST) and
: ‘ intensity, given the eye class, are as follows:
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Intensity versus strength differs by eye class (small eye 0-
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Fig. 5.4. Intensity versus strength for the small eye class and no eye
class.

Small eye: ST = 321 - .303 (SLPmin)

Medium eye: ST = 361 - .337 (SLP_, )

Large eye: ST = 536 - .513 (SLPmin)
No eye: ST = 837 - .818 (SLPmin)
where ST = Strength measured in kt
SLP i, = minimum sea level pressure (mb)

For example, given a central pressure of 976 mb the cyclone without an
eye would have an average strength of 39 kt, while that with a small eye
would average a strength of 2§ kt.
Each cyclone, once separated by its eye class, exhibited -

characteristic properties along the wind profile. Table §.2 is a
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TABLE §.2

Average parameters of intensity, strength, R-30, and intensity change,
for the 1980-82 data set partitioned by eye class.

AVERAGES BY EYEWALL DIAMETER

INTENSITY | STRENGTH | R-30 | INTENSITY

- CHANGE
(mb) ( knots) (n.mi.) | 12hes)
]

No Eyewall | 985 mb 34 kt 93 n. mi. tSmb

Lorge Eye .
Otongy| 957mb | 47k | 1450.mi | 2a8mb

Medium E;

Owgasnmy| 956mb | 40k | n7nmi | tomb
Small Eye | 954 mb t . mi. s

(o) (275n.m.) 33k 89 n. mi 12 mb

compilation of each eye class providing the average intensity, strength,
R-30 and intensity change (per 12 hours). The cyclone without an eye
was, on average, a tropical storm (985 mb approximates a 53-kt maximum
wind using the Atkinson/Holliday fit). The cyclone with an eye had an
intensity of about 956 mb regardless of whether the eye was small,
medium or large. Note that the larger the eye, the greater the strength
and larger the extent of 30-kt surface winds. Furthermore, the smaller
the eye, the more rapidly changes occurred in intensity. The cyclone
with a small eye fluctuated in intensity over twice the amount of the
cyclone without an eye. Also note that the kinetic energy of small eye
cyclones in their strength region (1 to 2.5° radius) is less than half

that of the large eye cyclones even though their central pressures are
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: ‘v \I: \S,\ N : \J.‘(. '..<_"'-~"- T P {‘.-. ‘P %(\, 1;, * i .5‘. }';} 0y
MR NI MR TeneIn ) e he

BN




56

the same.

5.2 Average Wind Profiles

iﬁ? The concepts of cyclone intensity, strength, and size provided a
I"I
‘%Q means to quantify varying regions of the wind profile. To qualitatively

view the wind profile as the eye character changes, average profiles

:§N were obtained for each eye and intensity class. Figure 5.5 (a through
i ¥, '

Vi

‘kﬁi 1) shows examples of typical wind profiles for each intensity and eye
194

class and also includes the range of the standard deviation. For
instance, in Fig. 5.6a twenty cases of tropical storms with small eyes
were averaged to yield this profile. On the average, the intensity of
the tropical storm with a small eye was 985 mb, maximum wind observed at
flight level was 54 kt and strength 19 kt. The tropical storm with no

apparent eye exhibited an intensity, on the average, of 987 mb, maximum

wind of §3 kt and strength of 31 kt. Note that although the inteusities

k) {; of the tropical storm with a small eye or without an eye were quite
i,

:g.i similar, their strengths were quite different. The two-sample t-test
%?- indicates a 99.97% confidence level that they are, in fact,

éﬂé; significantly different. These profiles provide a quick look at the
:;.i structure of the wind profile given information found only near the
’ﬂgﬁ center, i.e., size of the eye and central pressure.

P 25 At present (JTWC, 1984), radii of 30-kt and 50-kt surface wind
§JE speeds are estimated by the forecasters at JTWC using Holland’s 1980
Eti: wind/pressure scheme. No regard is given to the size of the eye. Since
‘éﬁ? this is the first observational study of the wind profile incorporating
o

wind measurements as far out as 250 n mi from the center, the

XL

o,

differences in R-30 between a small eye minimal typhoon and a minimal

)
d

<>

typhoon without an eye are believed to be valid. The student’s t-test
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revealed that they were signiticantly different at the 99.98% confidence
level. This relationship should enable the forecaster to better
estimate the radius of a particular wind speed given the eye class and
central intensity of the cyclone.

Figure 5.6 (a through d) compares the varying wind profiles of
different intensity separated by eye class. For the cases within the
small-eye class, Fig. 5.6a shows a common peak close in to the center as
is expected, and a rapid drop away from this peak. On the other hand,
figure 5.6c shows that the large-eye cases exhibit a more gradual
reduction in wind speed outside the maximum wind zone.

Finally, to further examine the association of the eye on the wind
profile, Fig. 5.7 (a through d) divides each averaged profile by
intensity class. The minimal typhoon was the only class to include
representatives of all four eye classes. Looking at Fig. 5.7b, note
that all four eye classes have similar central pressures and similar
maximum wind speeds. The difference lies in the strength, with values
ranging from 36 kt for the small eye to 49 kt for the case without an
eye. In terms of the kinetic energy in the region of strength, the case
of no eye has nearly twice the kinetic energy of the cyclone with a
small eye. This has direct application to total rainfall of the

cyclone, total areal extent of gale force winds and storm surges, and

other cyclone features.
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A tropical cyclone’s intensity, strength and size can be used to

N

aﬁf describe its low-level wind field. Until now strength has not been

&

{.

Y

Qg avallable., Without a strength measure it is, at best, speculation as to
F',*

" what links the inner core region with its outer region. Therefore outer
§§‘ strength was devised to describe the wind profile lying between the core
A

5$ intensity and outer size. It has been shown here that intensity and

M

¥
{J strength contain many different properties producing many different
5
;k effects., The core intensity of the c¢yclone reflects its most powerful,
¥ -
tz albeit concentrated, wind force. The outer strength of the cyclone,
R

" encompassing a larger area, reveals additional properties of the

f; cyclone: outer strength must exert a significant influence on storm

&é surges and its total destructive effect on coastline structures; the
y greater the outer strength the more moisture is drawn into the cyclone
; 1 over a very large area and the more evaporation which occurs. This
§E: contributes to a broader region of rainfall; and the cyclone’s net
‘Q' kinetic energy must increase with increased strength.
ib~ The first step of this research was to statistically examine the
' 2 behavior of the cyclone’s intensity, strength and size with respect to

\}

A latitude, season, time of day and cyclone motion using a heretofore

"
g&: unresearched flight data base. Results indicated that recurving
l‘. .
%:: cyclones tend to strengthen while losing intensity. Cyclone intensity
Bd)
RO

o attained maximum values from 12° to 24°N (where the cyclones of .
e
\53 supertyphoon intensity resided). Tropical cyclones attained their
) '.
o
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maximum core intensity (890 mb), outer strength (70 kt) and size (beyond
. 250 n mi) from July to October. Diurnally, there are no noticeable

changes in wind structure. Cyclone motion appeared to have a

relationship with intensity far more than it does to strength or size.

A cyclone was most likely to reach its highest intensities when heading

west to northwest and when traveling an average speed near 10 kt.

The second step of this study focused on the 12-hour changes in
intensity, strength, and size. Although tropical cyclones on the
average were found to change 7 mb each 12 hours, individual intensity
changes were found to reach values as high as 59 mb/12 hrs. Strength
typically changed by § kt/12 hours but could change by as much as 15 kt
over a 12-hr period. Similarly, the region of over 50-kt wind speeds
could, as dramatically demonstrated by Typhoon Owén. areally increase
eight-fold in 12 hours. Still, the normal fluctuation in R-50 was 22 n
mi in 12 hours.

Finally, the various regions representing the wind profile, i.e.,

core intensity, outer strength, and size, were compared to each other in

»-_" f
r JA

order to reveal trends. It was shown that outer strength and the domain

-

-
-
L)

of R-30 correlated very highly (.90). Therefore, it would appear that

"i.

B
5:” -

given the average extent of 30-kt surface winds, outer strength could be
reliably predicted. Core intensity, on the other hand, was a far more

variable feature. However, given the radius of the cyclone’s eye or the
fact that no eye existed, core intensity could be found to be a highly

reliable measure of outer strength or size. Thus, the eye appears to be
the link in the structure of the wind profile from the core to its outer
regions. This can provide the forecaster with a very useful estimate of

the entire wind profile given information found only near the center of
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the cyclone (i.e., central pressure and eye class).

It is expected that these relationships which have been derived for
the northwest Pacific Ocean will also prove to be generally valid for
the ocean basins. It is hoped that the data of this paper will be

useful to the operational forecaster.
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e 7. FUTURE RESEARCH

e

o There is much research to be done with this flight data. The

:‘ N asymmetries of the wind must be addressed. Environmental interactions

t‘: on the cyclone must be sorted out. Additionally, there are typical
fa

“’r life-cycle patterns from tropical depression to supertyphoon which need

,;. ‘ to be better documented. Finally, how does the tropical cyclone'’s wind

: profile respond when the eye’s size is changing?

i’i’b Although the cyclones studied here were viewed in a symmetric

‘\' , sense, e.g. all quadrants were averaged to provide a mean wind profile,
3, it is recognized that maximum winds, strength, and size have pockets of
:" greater magnitude. These are quite important for the forecaster to

':k. recognize. Further study must be able to relate central features not

,} only to an average strength and size b‘ut also to the asymmetries as

_") influenced by the surrounding envirommental flow field.

:3.::: What about the changes between cyclones? Which forecings act on

:;".' some cyclones to allow maximum intensity, strength, or size values while

;

:‘L inhibiting others? Herein lies the key to predicting the character of a
k: single cyclone throughout its life cycle. Much more research on the

5:::‘ factors influencing individual cases is needed.

- Finally, what is it about the eye that allows it to appear in some

E} tropical storms while remaining absent in other typhoons? Furthermore,

‘,‘ {;ﬁ once present, what forces the eye to contract or expand, thereby

t changing the nature of the wind profile?
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